INTRODUCTION
The genus Streptomyces remains a focus of systematics research, not only because streptomycetes are still a promising source of commercially significant compounds, but also because of taxonomic difficulties within the genus caused by the large number of isolates and insufficient species definition. The classification of streptomycetes is strongly influenced by polyphasic taxonomy, taking into account genetic characteristics as well as phenotypic characteristics (Kämpfer, 2006) . Nevertheless, closely related Streptomyces species within species groups are incompletely circumscribed (Kämpfer, 2006; Lanoot et al., 2005a) .
It is arguable whether the 16S rRNA gene should be considered to be a 'gold standard' for bacterial phylogeny (Vandamme et al., 1996) , as this gene has multiple copies in a single genome of many bacteria (Acinas et al., 2004) and is apparently insufficient to distinguish between closely related species, notably species within Streptomyces clades (Guo et al., 2008; Liu et al., 2005) . Since the ad hoc committee proposed the combined use of several housekeeping genes for re-evaluation of the species definition in bacteriology (Stackebrandt et al., 2002) , multilocus sequence analysis (MLSA) has shed new light on bacterial systematics and phylogeny. This approach has been widely applied to unravel taxonomic relationships in a number of genera, including Streptomyces (Guo et al., 2008; Martens et al., 2007 Martens et al., , 2008 Mignard & Flandrois, 2008; Naser et al., 2006; Young et al., 2008) .
Streptomyces griseus and related species form the biggest clade in the Streptomyces 16S rRNA gene tree (our unpublished data), with the majority of species sharing identical or highly similar 16S rRNA gene sequences and similar phenotypes. As prolific producers of bioactive secondary metabolites, species of the S. griseus clade have been subjected to several molecular and polyphasic taxonomic studies (Guo et al., 2008; Lanoot et al., 2005b; Liu et al., 2005) , the results of which show that this clade as currently constituted is overspeciated. It is always a big challenge to identify unknown Streptomyces strains that fall into this clade, because the currently required method, DNA-DNA hybridization (DDH), is labour-intensive, time-consuming and provides non-cumulative data (Gevers et al., , 2006 Rosselló -Mora, 2006) .
In an effort to clarify the taxonomic structure of the S. griseus clade and to search for alternative methods of species delineation within Streptomyces, we developed a pilot streptomycete MLSA scheme using the S. griseus clade as a model in our previous study (Guo et al., 2008) , and showed its potential for refining the phylogeny of Streptomyces. In the present investigation, strains of 18 additional species and subspecies of this clade and related species were examined and results from the previous study were integrated in a larger MLSA phylogeny. A better concatenation of assorted sequences was determined, and MLSA data were compared with DDH values to evaluate the potential of MLSA as a valuable alternative to DDH for the identification and classification of streptomycetes to the species level.
METHODS
Strains and culture conditions. Eighteen strains in addition to those included in the previous study (Guo et al., 2008) , which were found to have high sequence similarities with the S. griseus clade, were included in this study. The 18 additional strains are shown in Table 1 . All of the strains were cultivated on yeast extract/malt extract agar (ISP medium 2; Shirling & Gottlieb, 1966) plates at 28 uC. DNA extraction, amplification and sequencing. Genomic DNAs from the strains were isolated and purified as described by Chun & Goodfellow (1995) . PCR amplification and sequencing of four housekeeping genes, atpD, recA, rpoB and trpB, were performed using primers and amplification conditions described by Guo et al. (2008) . Amplification and sequencing of gyrB were conducted as described by Rong et al. (2009) .
Phylogenetic analysis. Gene sequences of the 18 additional strains combined with our previous data for 53 strains were subjected to phylogenetic analysis. Phylogenies were constructed of the 16S rRNA gene, each of the five protein-encoding genes and various concatenations of the genes. Sequences of the 16S rRNA gene and each locus were aligned using MEGA 4.0 software (Tamura et al., 2007) and trimmed manually at the same position before being used for further analysis and submitted to the PubMLST database (http:// pubmlst.org/streptomyces). Sequences of protein-encoding loci were concatenated by joining head-to-tail in-frame. Phylogenetic trees were constructed using three tree-making algorithms, neighbourjoining (NJ), maximum-parsimony (MP) and maximum-likelihood (ML). The NJ and MP methods were from the MEGA 4.0 package with the option of complete deletion of gaps; the topologies of the resultant trees were evaluated in bootstrap analysis (Felsenstein, 1985) of 1000 resamplings. The K2P model (Kimura, 1980) was chosen as a substitution model for NJ tree construction. ML analysis was performed with parameters selected by the Akaike information criterion (Akaike, 1974) in ModelTest 3.7 (Posada & Crandall, 1998) .
The best-fit model GTR+I+G was chosen for ML tree construction, conducted by PAUP* 4.0b10 (Swofford, 2002) using heuristic tree search with TBR branch swapping and 10 random addition replicates. The ML tree was also inferred by using the PHYLIP package version 3.68 (DNAML program) (Felsenstein, 2008) with 100 replicates. The resulting trees were combined to yield a consensus tree (CONSENSE program in PHYLIP).
DDH. Levels of DNA-DNA relatedness between strains of representative MLSA evolutionary distances (see Table 2 ) were determined by using the fluorometric microwell method (Ezaki et al., 1989) and the modifications described by He et al. (2005) . Briefly, biotinylated DNA fragmented by ultrasonication to 400-700 bp was denatured and hybridized with unlabelled ssDNA, which was absorbed non-covalently to the microplate wells. Hybridizations were performed in a hybridization mixture (26 SSC, 56 Denhardt's solution, 50 % formamide, 100 mg denatured salmon sperm DNA ml 21 and 1 mg biotinylated probe DNA ml 21 ) overnight at 53 uC. A Fluostar Optima microplate reader (BMG LABTECH) was used for fluorescence measurements (excitation at 360 nm and emission at 460 nm). Reciprocal hybridization (i.e. A6B and B6A) was performed in triplicate for each pair of strains. The hybridization value was expressed as a mean of the corresponding reciprocal values. More than half of the strain pairs were examined in different batches of hybridization experiments.
Correlation between sequence analysis and DDH. Values of MLSA evolutionary distance, single-gene sequence evolutionary distance and corresponding DDH were compiled, containing all mean DDH values from different experimental batches, and were processed in Microsoft Excel. Correlation coefficients (r 2 ) between the distance and DDH values were calculated by linear regression analysis.
RESULTS AND DISCUSSION

Individual gene analyses
Almost-complete 16S rRNA gene sequences (1377 nt) of the 71 tested strains were used for phylogenetic analysis. The results showed that sequence identities between strains ranged from 94.7 to 100 %; the proportion of variable sites was 9.3 % (128 sites), with an overall mean distance of 0.016. The strains can be grouped into 12 major clusters (labelled I-XII) in the 16S rRNA gene NJ tree (Fig. 1a) . Within each of clusters I, II, IV and V, shaded in colour in Fig. 1 , strains shared identical 16S rRNA gene sequences. Clusters VI, VIII, X, XI and XII were relatively heterogeneous, within each of which some strains also shared identical sequences. Strains of clusters III, VII and IX were generally well separated, with sequence distances ranging Table 1 . The 18 additional strains included in this study are highlighted in bold. P and L indicate branches of the tree that were also determined using MP in MEGA and ML in both PAUP and PHYLIP, respectively; asterisks indicate branches that were supported by all three tree-making algorithms. Bars, 1 % difference in nucleotide sequence. MLSA of Streptomyces and correlation with DDH from 0.001 to 0.010 within individual clusters. It was also shown that the bootstrap support for the 16S rRNA gene tree was generally low, especially for the deeper nodes.
PCR amplification and sequencing of the atpD, gyrB, recA, rpoB and trpB genes were successful for the 18 additional strains. GenBank accession numbers of the sequences obtained in this study are listed in Table 1 . The features of each gene locus are displayed in Supplementary Table S1 , available in IJSEM Online. The five genes used here are widely distributed, unique within the streptomycete genome and of adequate length to be phylogenetically informative, also showing a relatively high degree of conservation (Zeigler, 2003) . In comparison with the fulllength 16S rRNA gene sequence, each individual proteincoding locus contained more variation, to different degrees. The proportion of variable sites in the alleles varied from 24.0 % (atpD) to 48.1 % (gyrB). gyrB and trpB possessed higher percentages of variable sites than the other three loci, which could also be seen from the overall mean distance. Phylogenetic trees predicted from each of the five genes showed general congruence, albeit with slight differences (not shown), thus forming the basis for concatenation of multiple sequences for integrated analyses.
MLSA
The concatenated sequences of five protein-coding loci contained 2527 nt, with a mean G+C content of 68.1 mol%. The sequence identities among the 71 tested strains ranged from 82.1 to 100 %, with an overall mean distance of 0.093. The phylogenetic tree based on the five concatenated genes had a similar topology to the 16S rRNA gene tree, and most of the 16S rRNA gene clusters were maintained, with clearly better discriminated entities and higher bootstrap support (Fig. 1b) . The results of a larger MLSA study with 18 additional strains demonstrated again that the MLSA phylogeny was generally congruent with the traditional 16S rRNA gene phylogeny, and showed much higher power of discrimination and much more stable topological structure than the latter (Guo et al., 2008) .
A couple of clusters were split in the five-gene tree. The nine strains of cluster I were divided mainly into two stable clusters, containing Streptomyces acrimycini, S. baarnensis, S. caviscabies, S. fimicarius and S. flavofuscus in cluster Ia, with sequence distances of 0.001-0.006, and Streptomyces anulatus and S. praecox in cluster Ib, with a distance of 0.002. The same situation was found with the six strains of cluster V, which were mainly divided into cluster Va, harbouring Streptomyces albovinaceus, S. griseinus and S. mediolani with sequence distances of 0.001-0.002, and cluster Vb, harbouring Streptomyces badius and S. sindenensis with a distance of 0.012 in the five-gene tree. Moreover, Streptomyces fulvorobeus of cluster IV was located at the periphery of a well-circumscribed subclade consisting of clusters I-VI, and Streptomyces griseoplanus consistently shifted from cluster I to cluster VII.
The development of sequencing techniques and the convenience of the internet allow us to obtain and share large amounts of sequence information to define species by MLSA. There is evidence that a representative small set of shared genes can successfully predict genome relatedness (Zeigler, 2003) . Comparing phylogenetic trees reconstructed from concatenations of all six genes (not shown), the five protein-coding genes (Fig. 1b) and combinations of four or three protein-coding genes ( Supplementary Fig.  S1 ) inferred in this study, we found that the five-gene tree had discriminatory power and topological stability as great as or better than the six-gene tree. This is not a surprise, as the DNA G+C contents of the five genes were closer to the content range of Streptomyces genomes, and the high evolutionary conservation of the 16S rRNA gene meant that it contributed little to the quality of the six-gene phylogeny. We also found that the concatenation of three or four genes had good resolution and robustness, although a few branches were poorly resolved or showed dissimilar structures. Even a concatenation of the three most conserved genes, atpD-recA-rpoB, gave good discriminatory power and stability for differentiating most of the strains (Supplementary Fig. S1a ). When genes with more variable sites (e.g. gyrB and trpB) were used, the discriminatory power increased, and the concatenations atpD-rpoB-gyrB and gyrB-recA-rpoB seemed superior to other three-gene datasets considering both resolution and general topology. The four-gene tree was superior to the three-gene tree in stability and discriminatory power and was more similar to the five-gene tree ( Supplementary Fig.  S1b ). It is therefore concluded that MLSA based on concatenation of five protein-coding genes is better than the previous six-gene scheme (Guo et al., 2008) in that it provides equally good resolution and stability to resolve unitary relationships among streptomycetes, and is more cost-effective to apply in practice; meanwhile, the three-or four-gene schemes can also be applicable to everyday use where identification and discrimination are required in the discovery of novel isolates. Moreover, the MLSA scheme is found to be more suitable for discriminating strains with .99 % 16S rRNA gene sequence similarity, e.g. strains in the upper section indicated by the dashed line in Fig. 1 .
DDH values and comparison with MLSA evolutionary distances
DDH values have been used since the 1960s to determine relatedness between strains and are viewed as the most important criterion in the delineation of bacterial species, as it was one of the few universally applicable techniques available that could offer truly genome-wide comparisons between organisms (Stackebrandt & Goebel, 1994; Stackebrandt et al., 2002) . In this study, representative strains with different MLSA evolutionary distances ranging from 0.001 to 0.012 in the five-gene tree were selected for further DDH analysis. The DDH values among these strains are shown in Table 2 . The three species of cluster VI, namely Streptomyces californicus, S. floridae and S. puniceus, which were cohesively related with MLSA distances of 0.001-0.002, shared DDH values of 84.1-89.6 %; Streptomyces flavogriseus and S. flavovirens, with an MLSA distance of 0.004, had a DDH value around 87.5 %; all other representative strains with MLSA distances of 0.005-0.007 had DDH values between 75.9 and 86.5 %, whereas the DDH values between strains with MLSA distances of 0.009-0.012 were lower than 50 %.
The relationship between DDH and MLSA distance was described by a linear regression model. It was clear from Fig.  2 that the DDH value correlated strongly (r 2 50.77) with the MLSA evolutionary distance, and the 70 % DDH value for the current species definition corresponded to an MLSA distance of 0.007. The representative strains with MLSA sequence distances ¡0.007 consistently showed high DDH values, well above the 70 % threshold generally recognized for species definition (Wayne et al., 1987) . As for the individual genes, the DDH value had relatively poor correlation with evolutionary distance for atpD (r Supplementary Fig. S2 ), mainly ascribable to their uncertain power for species delineation. Consequently, the five-gene MLSA distance of 0.007 could be considered as the species cut-off for the S. griseus clade, suggesting that species with five-gene sequence distances ¡0.007 in this clade should be assigned to the same genomic species.
The DDH value of around 80 % between S. griseus subsp. griseus and 'S. ornatus', which represented the two branches of cluster II with an MLSA distance of 0.007, confirmed again that the four species of cluster II belonged to the same species, which was also supported by DDH data from previous studies (Okanishi, 1972; Liu et al., 2005) . S. griseus subsp. solvifaciens and the two closely related (0.002 MLSA distance) strains assigned to Streptomyces galilaeus and S. vinaceus within cluster XII have been transferred to Streptomyces albidoflavus in our earlier study (Rong et al., 2009) . In cluster Ia, S. acrimycini had the largest sequence distances from S. baarnensis (0.005) and S. flavofuscus (0.006), and shared respective mean DDH values of 84.3 and 83.2 % with the latter, indicating that all five species within this cluster should be combined into one species. Similarly, S. anulatus and S. praecox of cluster Ib, the species of cluster Va, the species of cluster VI, all species except S. fulvorobeus within cluster IV, S. atroolivaceus and S. olivoviridis within cluster VII, S. flavogriseus and S. flavovirens within cluster VIII and S. graminofaciens and S. halstedii within cluster X should also be combined into single species.
Streptomyces cavourensis subsp. washingtonensis was described as a heterotypic synonym of S. griseus by Wu et al. (2008) . However, based on our MLSA data, S. cavourensis subsp. washingtonensis was located in cluster III and was apparently far from S. griseus subsp. griseus (MLSA distance of 0.033), in cluster II; moreover, S. cavourensis subsp. washingtonensis shared an MLSA distance of 0.007 and a DDH value of more than 70 % with S. cyaneofuscatus, located in the same cluster. It is therefore proposed that S. cavourensis subsp. washingtonensis should be recognized as a later heterotypic synonym of S. cyaneofuscatus rather than S. griseus.
Besides the genotypic evidence, all the strains reported here to belong to species whose names are synonyms were consistent in cultural and morphological characteristics, as exemplified by S. californicus, S. floridae and S. puniceus in cluster VI, which produced unusual aubergine-coloured substrate mycelium and light red-purple aerial spore mass on ISP 2 agar and formed extensively branched substrate hyphae and aerial hyphae that carried smooth-surfaced spores in rectiflexibiles spore chains.
Our results demonstrated that MLSA based on five protein-coding housekeeping genes could provide refined species and even intraspecies evaluation for streptomycetes, and the data correlated significantly with DDH data. The MLSA procedure thus can be used as a practical, reliable and robust alternative to DDH for the identification and classification of streptomycetes. Recently, it has been strongly proposed that ecological aspects of bacteria should be considered and included in the definition of prokaryote species (Achtman & Wagner, 2008; Cohan & Koeppel, 2008; Koeppel et al., 2008) . Antony-Babu et al. (2008) found that S. griseus strains that showed .99 % 16S rRNA gene sequence similarity could be separated into distinct ecovars based on MLSA in combination with carbon utilization properties, thereby providing evidence of niche variation in this taxon. In light of these findings, our MLSA scheme is of great biological significance by providing an elaborate taxonomic grouping of streptomycete diversity, and will benefit both ecology and bioprospecting of these ubiquitous micro-organisms.
Taxonomic proposals
On the basis of MLSA and DDH data, combined with cultural and morphological properties, the 29 species and three subspecies of Streptomyces griseus clade in fact represent the following 11 species. According to Rule 38 of the Bacteriological Code (Lapage et al., 1992) , the oldest legitimate species name has priority over the names of other species, and should be retained for the merged species. 
